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Structural and magnetic properties of nano-sized NiCuZn ferrites synthesized by co-precipitation method with ultrasound irradiation
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Introduction
Commercially speaking, spinel ferrites are important materials because of their good magnetic-electrical properties [1, 2] . Nanocrystalline spinel ferrites have been investigated extensively due to their various applications in information storage systems, magnetic core, ferrofluids, microwave absorbers and medical diagnostics [3] .
In recent years, extensive studies have been performed on the synthesis and magnetic characteristics of Ni-Cu-Zn ferrites because these materials present high electrical resistivity hard mechanical properties and also high Curie temperature and can be used for Multilayer
Chip Inductor (MLCI) [4] and as transformer cores, inductors, recording heads, deflection yokes, etc [5] . According to Liu et al. [6] , thin films of Ni 0.4 Cu 0.2 Zn 0.4 Fe 2 O 4 can be integrated into radio frequency integrated inductors. In the present work we are interested in spinel ferrite nanoparticles with the following formula Ni0.4Cu0.2Zn0.4Fe2O4. We fixed Cu = 0.2, this value corresponds to good results of the saturation magnetization and electrical resistivity [7] . Moreover, we chose the molar ratios Ni/Zn=1 because the maximum of the saturation magnetization is obtained to this value [7] . followed by sintering at lower temperature [9] .
 Conventional solid state reaction oxide method and calcination at higher temperature was also used to prepare nanopowders of this ferrite [10] .
 Single-phase nano-crystalline Ni 0. In all methods used, the shape, the size distribution and the crystalinity of the final product can be precisely controlled through adjusting the reaction parameters such as temperature, time, solvent, and precursor type [14] [15] [16] [17] . The physical properties of the spinel type nanoparticles such as magnetic, microwave and doping effects are determined by the particle size and shape as well as the type and the degree of defectiveness of the crystal lattice in which a total of 24 metal cations are partitioned between eight tetrahedral (8 Fe   2+ ) and 16 octahedral (16 Fe 3+ ) interstices.
To our knowledge no literature was found on sonochemistry synthesized NiCuZn ferrites. To avoid agglomeration of nanoparticles, sonochemical route was adopted to investigate the mechanism of Zn ferrite particles synthesized under ultrasound conditions [18] .
Ni-Cu ferrite nanopowders were obtained by coprecipitation method with ultrasound irradiation [19] . This work concludes that only single phase of Cu 1-x Ni x Fe 2 O 4
was obtained under these conditions otherwise the Cu 2+ complexation will occurs.
In our previous work [20] , we have elucidate the positive influence of ultrasound on crystallization processes through the reduction of the induction time, metastable zone width, the modification of the crystals size distribution and the increase in the number of crystals at equivalent supersaturation. So we concluded that the sonochemical process appears to be an attractive method for preparing several fine substances such as ferrites.
Therefore, in the present work, it is aimed at carrying out a systematic study of nano-sized The resulting brown powders were collected by filtration and washed (hydrochloric acid and distilled water were used) to remove any possible impurities. The product was finally dried at 100 °C in an oven during 24 h.
Techniques
 X-ray powder diffraction patterns are recorded using a panalyticalX'pert-pro X-ray diffractometer operating with Co Kα radiation.  Magnetic properties such as saturation magnetization are investigated using vibrating sample magnetometer (VSM, LakeShore 7400) at room temperature.
Results and discussion

Dissipated power
The Cavitation intensity, can be thought of as the product of bubble collapse (or implosion)
pressure times the number of bubbles collapsing, is linked to the local ultrasonic power which affects the cavitation regimes (dynamics of oscillating bubbles). The calorimetric method is used because all the energy entering into the calorimeter is expected to be transformed into heat.
In the present work, a temperature probe, with resolution of 0.01 °C, has been used in order to measure the dissipated power in our reactor.
The dissipated power, P diss (ultrasound power), was estimated by calorimetry and calculated using the following equation:
Where m, C P and DT denote the solution mass, the specific heat of water and the initial slope of the curve of temperature versus time respectively. A known mass of water was added in the sono-reactor. Measurements of dissipated acoustic power in the sono-reactor were recorded for different amplitude (30, 40 and 50%). The calorimetric measurements have been done with water in the cooling jacket and with stirring during the measurements [21] . The obtained dissipted power P diss are summarized in table 1: Table 1 3.2. X-ray diffraction  The time effect The X-ray diffraction patterns recorded for the synthesized ferrite nanocrystals with variation of time at the same temperature and dissipated power (90 °C, 46.27 Watt) are shown in Fig. 1 .
The existence of the (220), (311), (400), (422), (511) and (440) major crystal plane in the XRD patterns confirms the formation of spinel cubic structure with the Fd3m space group.
Weak diffraction peaks at 38 and 46 ° were observed for samples synthesized at 0.75 and 1 hour (Fig. 1) . These peaks are attributed to hematite (α-Fe 2 O 3 ) and to CuO [22, 23] . These peaks completely disappear when the synthesis duration begins high to 1 hour. From 1.5 hours of synthesis duration, the samples were considered to be single-phase spinel structure as no extra peaks and no unreacted constituents were observed. In Table 2 , we reported the optimal reaction time and temperature observed in the other chemical routes for NiCuZn ferrites synthesis.
Fig. 1 Table 2
The crystallite size for all samples estimated from XRD peak broadening using Scherrer's formula:
Where d is the crystallite size, λ is the wavelength of X-ray radiation (Co Kα), θ is the Bragg angle and β is the full width at half maximum (FWHM) of all diffraction peaks.
The obtained lattice parameters, crystallite size and cell volume for the nanocrystals are listed in Table 3 [24] . The average crystallite size is increasing with a synthesis time duration.
Table 3
 The temperature effect Fig. 2 shows the XRD patterns collected on particles synthesized at 70, 90 and 100 °C (t=2 hours and dissipated power = 46.27 Watt). For all samples, the existence of the major crystal plane in the XRD patterns confirms the formation of spinel cubic structure with the Fd3m space group. The samples were considered to be single-phase spinel structure. We can notice that ultrasound has probably the major effect in the precipitation process compared to the temperature effect.
Fig. 2
Also, samples could be considered as a single-phase spinel structure. However as it can be seen there is a right shift diffractograms with increasing temperature. Several studies confirmed the increasing of crystallite size with temperature. Table 4 summarized the values of crystalliste size, the lattice parameters and the corresponding cell volume at different temperatures.
Table 4
As it can be seen from this Table, the crystallite size increases with increasing temperature and the lattice parameters decrease slightly with temperature increasing. This result confirms the right shift of diffractograms XRD reported in Fig.2 . In this work, we have chosen the optimal temperature =90C.
 The dissipated power effect
The X-ray diffraction patterns recorded for the synthesized ferrite nanocrystals with variation of dissipated power at the same temperature and duration time (90 °C, 2 hours) are shown in 
Fig. 3
From this figure, we note that the peak (220) appears correctly from P diss = 38.23 and we have observed also that crystallite size increases with increasing dissipated power (see Table 5 ). Table 5 3.
FT-IR measurements
The obtained powders Ni 0.4 Cu 0.2 Zn 0.4 Fe 2 O 4 were also investigated by Fourier transform infrared spectroscopy. The FTIR spectra in the frequency range 800-400 cm -1 are shown in Fig. 4 .
Fig. 4
As it can be seen from this figure that FTIR spectra of the investigated samples exhibit two absorption bands around 400 and 600 cm -1 . These bands are characteristic of spinel ferrites and attributed to the vibrations of the metal ion-oxygen complexes in the tetrahedral and octahedral sites [10] . The high frequency band appearing near 600 cm -1 was attributed to stretching mode of tetrahedral group (noted  1 ) and that lower band near the 420 cm -1 was assigned to octahedral cluster. We observed also change in the position band  1 which is related to increasing of particle size [7] .
Surface area and porosity measurements
The adsorption-desorption isotherm of nitrogen at 77K for Ni 0. 4 Textural parameters derived from nitrogen adsorption-desorption isotherm data are summarized in Table 6 . As can be noted, the effect of temperature and dissipated power on Table 6 3.5 Morphological study were, similar to the ones, calculated using the XRD measurements.
Figure 7 3.6 Magnetic properties
The magnetic properties are the most important properties of ferrites depending on the synthesis method, processing conditions, microstructure and chemical composition. The change in the magnetic properties can be attributed to the influence of the cationic stochiometry and their occupancy in the specific sites. In the spinel ferrites, it is well known that Zn 2+ ions prefer the occupation of tetrahedral (A) sites [26, 27] investigated their magnetic properties using a Magnetometer (VSM) at room temperature. Fig. 8 (a,b,c) shows the M-H curves of the ferrites at different conditions.
Fig. 8
From this figure, we can conclude that the saturation magnetization (Ms) values increases with the duration time (Fig. 8 a) and with dissipated power (fig. 8 c) . The higher value of Ms devices [28] .
Hysteresis loops in Fig. 8 are typical for soft magnetic materials and the "S" shape of the curves together with the negligible coercivity (Hc = 39 Oe) indicate the presence of small magnetic particles exhibiting superparamagnetic behaviors [29] . Literature data imply that when the diameter of particles is less than 30 nm, the particles show the character of superparamagnetism [29] .
The annealing temperature dependence of saturation magnetization (M s ) and the coercivity Hc for the Ni 0.4 Cu 0.2 Zn 0.4 Fe 2 O 4 was observed in earlier work [28] . The authors concluded changes in the magnetic properties of the samples can be attributed to the modification of the crystallite sizes. The increase in saturation magnetization was most likely attributed to the increasing of particle size and can be explained on the basis of changes in exchange interactions between tetrahedral and octahedral sub-lattices [29] .
As can be noted, with the use of ultrasound in the synthesis (without calcination), we can obtain a good Ms compared to other methods (table 7) . Table 7 4. Conclusions
Sonochemically assisted co-precipitation method was used to prepare the NiCuZn ferrites. The structure and magnetic properties have been investigated and the following results have been obtained: -A single-phase Ni-Cu-Zn ferrite with cubic spinel structure without any secondary phase was formed and no extra lines corresponding to any other phases could be detected.
-The crystallite size of synthesized nanocrystals was calculated using Scherrer's formula and TEM images. The range of crystallite size lied between 10 and 25nm.
-The saturation of magnetization (Ms) increases with increasing the crystallite size.
-The optimal value of Ms was obtained for the sample synthesized at these initial conditions (reaction time =2 hours, temperature = 90°C and dissipated power Pdiss= 46 Watt). (a) time=1.5h;  =90C; P diss =46.27Watt (b) time=2.0 h;  =90C; P diss =46.27Watt (c) time=2.0h;  =70C; P diss =46.27Watt (d) time=2.0h; =100C; P diss =46.27Watt (e) time=2.0h; =90C; P diss =38.23Watt (f) time=2.0 h;  =90C; P diss =28.03Watt  The saturation magnetization and crystals size are found to be correlated as the dissipated power was varied.
